Hippocampal-prefrontal cortex (HC-PFC) interactions are implicated in working memory (WM) and altered in psychiatric conditions with cognitive impairment such as schizophrenia. While coupling between both structures is crucial for WM performance in rodents, evidence from human studies is conflicting and translation of findings is complicated by the use of differing paradigms across species. We therefore used functional magnetic resonance imaging together with a spatial WM paradigm adapted from rodent research to examine HC-PFC coupling in humans. A PFC-parietal network was functionally connected to hippocampus (HC) during task stages requiring high levels of executive control but not during a matched control condition. The magnitude of coupling in a network comprising HC, bilateral dorsolateral PFC (DLPFC), and right supramarginal gyrus explained one-fourth of the variability in an independent spatial WM task but was unrelated to visual WM performance. HC-DLPFC coupling may thus represent a systems-level mechanism specific to spatial WM that is conserved across species, suggesting its utility for modeling cognitive dysfunction in translational neuroscience.
INTRODUCTION
A translational neuroscience approach to drug discovery depends on valid animal models, which are difficult to define in psychiatric disorders with human-specific features. One approach to this conundrum is to identify species-conserved systems-level mechanisms implicated in disease (Meyer-Lindenberg, 2010) . Electrophysiological recordings in rodents have established a role for hippocampal-prefrontal (HC-PFC) interactions during spatial working memory (WM) performance (Floresco et al, 1997; Gordon, 2011; Jones and Wilson, 2005) . Specifically, theta coherence between both structures is elevated during increased WM demands (Jones and Wilson, 2005) , and animals show decreased coupling during error trials (Benchenane et al, 2010; Jones and Wilson, 2005) . In the human imaging literature, however, the role of HC-PFC coupling during WM is controversial, as studies have found both decreased and increased coupling of HC and lateral PFC during conditions with a high WM load (Axmacher et al, 2008; Finn et al, 2010; Rissman et al, 2008) . Outside cognitive neuroscience, clarifying the role of HC-dorsolateral PFC (DLPFC) interactions is of clinical interest, as altered connectivity between those structures has been shown to occur in schizophrenia (Meyer-Lindenberg et al, 2005) and in subjects at risk for this illness (Esslinger et al, 2009) .
The implications of findings derived from animal electrophysiology and human imaging are difficult to reconcile. More specifically, it has been proposed that uncoupling may be beneficial for human WM performance as it leads to an inhibition of interfering cognitive processes, such as parallel encoding of stimuli in episodic memory (Meyer-Lindenberg et al, 2005) . However, this hypothesis is mainly based on results from the n-back task that does not specifically challenge spatial-relational WM and for which hippocampal activity may not be crucial (Esslinger et al, 2009) . One of the sources of these trans-species discrepancies may thus be related to the specific WM tasks used. In rodents, one of the best studied spatial WM paradigms is the radial arm maze (RAM) task (Olton and Samuelson, 1976) . Lesion studies show that both the HC, PFC, and an intact HC-PFC structural connectivity are required for successful performance in a delayed version of the RAM (Floresco et al, 1997; Seamans et al, 1995) . Patients with selective hippocampal damage show impairments during performance of the RAM that are comparable to animals with HC lesions (Goodrich-Hunsaker and Hopkins, 2010) . Although the effect of DLPFC lesions on RAM performance in humans is unknown, there is sound evidence that such lesions lead to impaired cognitive control (Gläscher et al, 2012) and deficient executive processes during WM (Barbey et al, 2013) .
In an attempt to bridge the discrepant findings revealed by rodent and human research, we used a virtual reality version of the RAM task to study blood oxygen leveldependent (BOLD) HC-PFC functional connectivity and their relation to WM performance in humans. We hypothesized that under comparable task demands, significant HC-DLPFC coupling would occur and would be selective for task stages with a strong spatial WM component. Furthermore, we expected that task-induced HC-DLPFC connectivity values should predict spatial WM performance. Conversely, HC-DLPFC coupling in a task-free state (ie, during the resting state) should not be related to spatial WM performance. Finally, we predicted that if discrepant findings on HC-DLPFC coupling are indeed related to task properties/WM modality (stronger spatial-relational component in rodent as compared with human WM paradigms), the magnitude of coupling should predict spatial but not visual WM performance in independent tasks. Our findings indeed provide evidence for these hypotheses, and therefore for a species-conserved role of HC-DLPFC connectivity for spatial WM capacity.
MATERIALS AND METHODS

Subjects
A sample of 125 healthy right-handed German subjects without a history of mental disorder was recruited at two sites (Mannheim and Heidelberg). All subjects gave written informed consent and received an amount of 50 h for participation. A total of 28 subjects had to be excluded (five subjects did not complete all study parts, seven were excluded due to incidental anatomical findings or previously unreported somatic disorders, five due to image artifacts, and 11 subjects due to poor behavioral performance). The results are thus reported for 97 individuals (site: 34 subjects in Mannheim, 63 subjects in Heidelberg; gender: 46 women and 51 men; and age: 30.7 ± 9.4 years). The subjects first completed a neuropsychological assessment battery (CANTAB, Cambridge Cognition, Cambridge, UK) and were then invited to participate in two MRI scans where anatomical and functional data (resting state scan and a task battery consisting of four paradigms) were acquired. The order of the tasks was balanced across subjects. The study was approved by the local ethics committees of the University of Heidelberg.
Task
A virtual reality version of a delayed win-shift RAM task (Floresco et al, 1997) was implemented for use in humans. The software was written in C þþ , using the 3D rendering engine OGRE (http://www.ogre3d.org/). During the acquisition of functional magnetic resonance imaging (fMRI) data, subjects used an fMRI-compatible four-button diamond fiber optic response pad (Current Designs, Philadelphia, PA) to navigate through a virtual maze (consisting of 12 equally spaced arms radiating from a central platform) from the perspective of a ground-level observer. The maze was surrounded by various landmarks (telephone booth, church, tractor, tree, and houses). The paradigm was completely self-paced and consisted of three task (training, delay, and test) and matched control phases. Subjects encoded the position of hidden gold coins that they were asked to retrieve after a 30-s delay period. In order to increase homogeneity within and between subjects, we designed the task such that a ceiling effect could be observed with respect to performance in the test phase (median: 0 errors/test phase, P 25 : 0, P 75 : 0, N ¼ 108 subjects; see Figure 1 , Supplementary Figure S1 and Supplementary Materials and Methods for more details). We excluded subjects from data analysis if they committed more than four errors during a test phase (corresponding to the 2.5% worst performance values).
Data Acquisition and Preprocessing of Task-Related Data
BOLD fMRI data were acquired on two 3T Siemens Trio scanners (München, Germany) in Mannheim and Heidelberg using standard acquisition (gradient-echo echoplanar imaging (EPI)) and preprocessing procedures (Supplementary Materials and Methods).
Task-Dependent Functional Connectivity
A bilateral mask of the HC taken from the Harvard-Oxford probabilistic atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases/) was thresholded at 80% and used as a seed for all connectivity analyses. A bilateral mask of the DLPFC (middle frontal gyrus from the Harvard-Oxford probabilistic atlas, thresholded at 50%) was used to evaluate HC-DLPFC connectivity at the region of interest (ROI) level. Functional connectivity was estimated using the beta series correlation method (Rissman et al, 2004) . Briefly, a general linear model (GLM) was built containing a unique regressor for every trial of each condition. Trial-specific beta values were then sorted by condition and concatenated to generate a beta time series. A beta series thus reflects single-trial variability of responses for a specific condition. Functional connectivity was computed by correlating the beta series of the seed (mean beta series of all seed voxels) with the beta series of all other voxels in the brain (Supplementary Materials and Methods).
Control Analyses
Several analyses were conducted to rule out that HC-DLPFC coupling is driven by the variable duration of individual Figure S3) . Site, age, and gender were also entered in the group-level analyses as covariates. There were no age or gender effects on HC connectivity both at the whole-brain level or within the probabilistic DLPFC ROI.
Resting State Connectivity
For the resting state scan, a 5 : 08 min EPI sequence was acquired in the same MRI session as the RAM data. The same HC mask was used as a seed for both task-dependent and task-free connectivity data (see Supplementary Materials and Methods for details).
Statistical Inference
Results that were significant either at the whole-brain level or within a probabilistic DLPFC ROI (middle frontal gyrus from the Harvard-Oxford probabilistic atlas, bilateral mask thresholded at 50%) after correcting for multiple comparisons (po0.05 family-wise error/FWE correction) are reported. Thresholded F-and t-maps were surface rendered using the SPM SurfRend toolbox (http://spmsurfrend.sourceforge.net). If data were normally distributed, descriptive statistics were given as mean±SD and parametric tests were used. Otherwise data were reported as median and first and third quartile (P 25 , P 75 ), and non-parametric tests were used. Outliers are defined as any data point 41.5 interquartile ranges below the first quartile or above the third quartile.
Results
Behavioral Characterization of Spatial Processing Across Task Stages
Debriefing after the scan confirmed that all subjects used a landmark-based encoding strategy that has been shown to depend on the HC in both rodents and humans (Goodrich-Hunsaker and Hopkins, 2010; Iaria et al, 2003; Packard and McGaugh, 1996) . We used several behavioral parameters to characterize spatial processing on the platform across task stages (Supplementary Table S1 ). These analyses confirmed that spatial WM processing during the experimental conditions (WM encoding/training and WM retrieval/test) was higher than that during the visuomotor control phase (training4test4control; two-tailed Wilcoxon-signed rank tests). Subjects, thus, not only used a spatial strategy to solve the task but the level of spatial WM processing was also clearly different between task stages.
The Bilateral HC Couples to a Frontoparietal Control Network During Spatial WM Processing HC-PFC coupling in rodents has been reported to be higher during spatial processing on the platform of a maze as opposed to navigation and reward processing within an arm (Benchenane et al, 2010; Jones and Wilson, 2005) . Inspired by these findings, we used a beta series correlation approach (Rissman et al, 2004) to contrast bilateral hippocampal connectivity while subjects where navigating on vs off the platform during the training, test, and control phase (Figure 1 and Supplementary Materials and Methods). We first computed a 2 Â 3 full factorial model with the factors location (on vs off the platform) and task phase (training, test, and control) to test whether HC-DLPFC coupling is elevated during spatial processing on the platform in a task stage-dependent manner. Indeed, the location Â task phase interaction was significant within the DLPFC (Figure 2a ; F-test, po0.05 ROI-FWE correction; peak voxel Montreal Neurological Institute (MNI) coordinates in left DLPFC À 45, 14, 48 and À 51, 20, 33) . Post hoc t-tests using the mean value of all significant DLPFC voxels showed that HC-DLPFC connectivity on vs off the platform was stronger in training as compared with test and control but not different between the latter (Figure 2b ; training: 1.0 ± 1.5, test: 0.14 ± 1.3, and control: 0.0 ± 1.4; training vs test: p ¼ 3.5 Â 10 , test Figure 1 Task description and analysis strategy. Schematic drawing of the RAM during training, test, and the control phase. Note that subjects navigate the maze from the perspective of a ground-level observer (Supplementary Figure S1) . (a) During training, subjects need to collect all accessible gold coins and encode the position of six STOP signs using landmarks that surround the maze. (b) In the test phase, subjects have to retrieve six hidden gold coins that are located at the end of the previously blocked arms. (c) In the visuomotor control, subjects have to collect gold coins with green check marks and avoid coins with a red cross. Both control/training and training/test are separated by a 30 s delay. All subjects (N ¼ 97) completed the RAM task four times in a row and the set of baited arms changed each time. Typical trajectories of subjects in each task stage are shown. After collecting a gold coin, subjects leave the arm and navigate on the platform (red line) before entering another arm in order to retrieve the next gold coin (blue line). Spatial processing on the platform differs between task stages such that subjects either simply navigate (control) or additionally engage in spatial WM encoding (training)/retrieval (test). Functional connectivity was estimated using the beta series correlation method (Rissman et al, 2004) in which a GLM is built containing a unique regressor for every trial of each condition. Our model thus contained 24 (6 Â 4) regressors for each of the six conditions shown in a-c. Functional connectivity is expressed as the correlation of the single-trial variability of responses for a specific condition in the HC and the rest of the brain.
vs control: p ¼ 0.49; two-tailed paired t-tests). This effect also persisted when taking the mean of the entire DLPFC ROI (training: 0.8 ± 1.4, test: 0.3 ± 1.1, and control: 0.2 ± 1.3; training vs test: p ¼ 0.004, training vs control:
At the whole-brain level, the bilateral HC was positively coupled to a network comprising bilateral PFC (including both DLPFC and ventrolateral PFC/VLPFC), left superior parietal lobule, cingulate gyrus/supplementary motor area, precuneus, left middle temporal gyrus, as well as primary visual cortex in training (po0.05 FWE correction; Figure 2c and Supplementary Table S2 ). During the test phase, hippocampal connectivity was found mainly in the left hemisphere within inferior parietal lobule, frontal eye fields, insula, and DLPFC and also in the right VLPFC (Supplementary Figure S2 and Supplementary Table S3 ). The frontal eye fields are part of an attention circuit (Power et al, 2011 ) implicated in spatial WM, which has been suggested to act 'as a focus of attention that cycles through spatial locations held in mind' (p.973 in Nee and Jonides, 2009 ).
Interaction of the HC with the frontal eye fields may thus be beneficial for the sequential retrieval of hidden gold coins during the test phase. No hippocampal connectivity was observed during the matched control task with similar visuomotor demands but without a relevant WM component. Additional control analyses confirmed that the reported connectivity findings are driven by different levels of spatial WM processing and cannot be explained by either visuomotor effects or increased behavioral variance owing to our task design (Supplementary Results and Supplementary Figure S3 ). Hippocampal coupling thus occurs only during WM-related task stages and is strongest with networks related to executive control (DLPFC, inferior parietal lobule/intraparietal sulcus, precuneus, anterior cingulate, and insula) and spatial attention (dorsal attention network: frontal eye fields and superior parietal lobule/intraparietal sulcus; Cole and Schneider, 2007; Power et al, 2011) .
Functional Connectivity of a Network Comprising HC, Bilateral DLPFC and Right Inferior Parietal Lobule During Training Predicts Spatial but not Visual WM Performance
In the rodent literature, evidence has accumulated that HC-PFC coupling is related to spatial WM performance (Gordon, 2011; Jones and Wilson, 2005; Sigurdsson et al, 2010) . Owing to the ceiling effect in our paradigm (with respect to performance in the test phase; Supplementary Materials and Methods), a direct correlation of connectivity and RAM performance was not possible. Therefore, we selected two different measures of WM performance from a neuropsychological assessment all subjects underwent outside the scanner to test for a potential relationship with HC-PFC coupling. More specifically, values for spatial (spatial span) and visual (percentage of correct responses in a delayed matching-to-sample paradigm) WM performance were used as regressors in the group-level model examining hippocampal functional connectivity during the spatial WM encoding phase of the RAM. This analysis yielded a spatially confined network with peak voxels in bilateral DLPFC (peak voxel MNI coordinates: left DLPFC À 36, 41, 39 and right DLPFC 24, 56, 36) and the right supramarginal gyrus (48, À 28, 27) that showed a strong (significant after FWE whole-brain correction) positive correlation of hippocampal connectivity with spatial WM capacity. In other words, higher connectivity values in these clusters went along with better spatial WM performance outside the scanner (red network in Figure 3a) . The coupling strength of this network explained 25.4% of the variation in spatial WM performance in the independent task (Pearson's r ¼ 0.504; Figure 3b ). In contrast, this network was uncorrelated with visual WM performance (Pearson's r ¼ À 0.030; Supplementary Figure S4) . No voxel-wise positive or negative correlation was found for HC connectivity with visual WM performance. Control analyses confirmed that these findings cannot be explained by visuomotor effects (Supplementary Results). In order to compare the relationship between HC-DLPFC connectivity and spatial vs visual WM in an unbiased fashion, we also computed the correlation between HC-DLPFC connectivity (mean of HC connectivity within the probabilistic DLPFC ROI) and spatial (Pearson's r ¼ 0.286, Figure 2 Bilateral HC-DLPFC connectivity is strongest during spatial WM encoding. (a) The location (on vs off the platform) Â task phase (training, test, and control) interaction was used to test whether HC-DLPFC connectivity is selective for spatial WM processing on the platform. The F-test used to evaluate this interaction was significant within the DLPFC mask (ROI-FWE correction; results are displayed at the wholebrain level with po0.001 uncorrected, k ¼ 50; the left DLPFC is highlighted). (b) Post hoc t-tests using the mean connectivity of the significant DLPFC interaction cluster described above. Functional connectivity is contrasted on vs off the platform across task stages. HC-DLPFC coupling is strongest during spatial WM encoding (connectivity values given as mean±SD, asterisks indicate po0.001). Note that at the behavioral level, subjects also show the highest level of spatial processing in training (Supplementary Table S1 ). (c) Functional connectivity of the HC with the rest of the brain is contrasted on vs off the platform in training. Note positive HC coupling with a distributed prefrontal-parietal cognitive control network during WM encoding. Results are shown at po0.05 whole-brain FWE corrected, k ¼ 20.
HC-DLPFC coupling during human spatial WM
A direct comparison of both correlation coefficients confirmed the specific association of hippocampal connectivity with spatial WM (two-tailed test for the difference between two dependent correlations: Z-score ¼ 2.61, p ¼ 0.009; Steiger, 1980) . Previous work indicated that task-induced activation and connectivity patterns may be equally expressed in the resting state (Cole et al, 2014; Smith et al, 2009) . We thus examined whether spatial WM performance outside the scanner could also be predicted by HC-DLPFC coupling in a task-free state. Resting state scans were obtained from all individuals during the same session and a seed-based approach was used to evaluate hippocampal connectivity (using the same seed as for task-dependent connectivity). This analysis showed that there was no significant correlation of either spatial or visual WM performance with hippocampal connectivity during the resting state (both at the whole-brain level and within the DLPFC ROI).
Discussion
This study used a self-paced translational WM paradigm together with a functional connectivity analysis inspired by the rodent literature to study the role of HC-DLPFC coupling in spatial WM in humans. We compared HC-DLPFC connectivity across task stages and found that it was strongest during spatial WM encoding, the phase during which we observed the highest level of spatial processing at the behavioral level. The HC also coupled to other nodes of a frontoparietal control network during both encoding and retrieval, but no connectivity was observed during a matched control condition that lacked a WM component. Several analyses that controlled for intra-and interindividual variation of non-WM-related task aspects showed that HC-DLPFC connectivity cannot be explained by increased behavioral variance related to the task design or by visuomotor effects. Furthermore, the magnitude of functional coupling of a network comprising HC, bilateral DLPFC, and right supramarginal gyrus during training explained roughly one-fourth of the variability in spatial WM capacity recorded outside the scanner but was unrelated to visual WM accuracy. This effect was specific for task-induced connectivity because the magnitude of HC-DLPFC coupling in the resting state did not predict spatial WM capacity. This suggests that the interaction of frontoparietal control networks with hippocampal signals may be important for encoding of goal-directed spatial behaviors.
HC-PFC Coupling During WM-Good or Bad?
Previous work in rodents and humans has yielded conflicting results regarding the role of HC-PFC coupling in WM. Research in rodents has shown increasing evidence that HC-PFC coupling is required for spatial WM performance (Gordon, 2011; Jones and Wilson, 2005; Sigurdsson et al, 2010) . Findings in humans, however, draw a different picture: several studies have shown that HC-DLPFC coupling seems to decrease with increasing WM load (Axmacher et al, 2008; Esslinger et al, 2009) . In a longitudinal study, HC-DLPFC connectivity generally decreased across adolescence but persisted in adults during visual WM with high task demands (Finn et al, 2010) . Impaired WM is a core cognitive deficit in schizophrenia (Barch and Ceaser, 2012) , and both schizophrenic patients, their unaffected siblings, and healthy risk gene carriers have been shown to display persistent HC-DLPFC coupling during high as compared with low WM load (Esslinger et al, 2009; Meyer-Lindenberg et al, 2005; Rasetti et al, 2011) , thereby making it one of the best validated endophenotypes for schizophrenia to date. Based on these findings, it has been proposed that uncoupling rather than coupling of HC and DLPFC is a signature of successful WM performance (Meyer-Lindenberg et al, 2005) . While recruitment of both HC and DLPFC has been reported for imaging studies that examined maze-based navigation (Astur et al, 2005; Iaria et al, 2003; Iglói et al, 2010; Marsh et al, 2010) , the role of HC-PFC interactions during maze performance has not been tested previously.
Our findings now suggest that these discrepancies are primarily related to WM modality if translational neuroimaging is used to control for task differences across species. While rodent tasks use spatial-relational challenges, Figure 3 HC-DLPFC connectivity during training predicts spatial but not visual WM performance. (a) Behavioral performance in a spatial (spatial span) and a visual WM task (delayed matching-to-sample) measured outside the scanner was entered as additional regressors in the group-level connectivity model. The correlation of spatial WM capacity and HC functional connectivity during training is highest in a network comprising bilateral DLPFC and right supramarginal gyrus (red network; significant at the whole-brain level after FWE correction but displayed at po10 HC-DLPFC coupling during human spatial WM F Bähner et al non-spatial stimulus material is used in the majority of human WM studies. Using a virtual reality version of a rodent task, we found that the magnitude of coupling between HC, DLPFC, and right supramarginal gyrus significantly predicted spatial WM capacity in an independent task indicating that this type of coupling also has a role in humans. The supramarginal gyrus has been related to both spatial attention and WM (Schenkluhn et al, 2008; Silk et al, 2010) , as well as planning of goal-directed actions (Tunik et al, 2008) . Findings from a recent study using a HC-dependent memory paradigm in humans indicate that volitional control as opposed to passive learning results in better spatial-relational memory and is linked to a functionally connected network comprising HC and DLPFC (Voss et al, 2011) . The authors argue that brain regions involved in cognitive control may need to interact with the memory system to optimize learning and goal-directed behavior. This could be because both systems operate within a limited bandwidth and therefore need to determine which information will be attended (Voss et al, 2011) . We propose that similar processes may also be involved in spatial WM (Supplementary Discussion).
Limitations
Although our findings thus suggest a species-conserved mechanism specifically for spatial WM, several caveats remain. First, the relationship between the electrophysiological readouts commonly used in rodents and corresponding functional MRI measures are complicated and understudied (Logothetis, 2008) . Furthermore, rodent electrophysiology studies assess connectivity changes at a much finer timescale than what can be done using fMRI methods (where the signal is typically averaged over an entire trial). Few studies investigated the neural correlates of BOLD connectivity or co-activation of brain regions. One study in monkeys directly examined the neural basis of interareal BOLD coupling in visual areas. They found that mainly low-frequency neural oscillations contributed to BOLD-positive functional connectivity (Wang et al, 2012) . Another group used hippocampal depth electrode recordings together with fMRI measurements in non-human primates and found that cortical areas are activated by certain hippocampal oscillations (Logothetis et al, 2012) . In addition, our data do show WM-related positive HC-DLPFC coupling in a translational task for which the interaction of HC and PFC is necessary in rodents (Floresco et al, 1997) . Second, identifying homologies in the interacting brain regions across species is nontrivial. Although this is certainly a controversial topic (Uylings et al, 2003) , many studies have now shown that WM functions that are mediated by the lateral PFC in primates involve the medial PFC in rodents (Euston et al, 2012) . HC-medial PFC connectivity during WM in rodents may therefore translate into coupling of the HC to ventral and dorsal aspects of the lateral PFC in humans. Although most data examining HC connectivity during WM have found an uncoupling of the DLPFC, there is some evidence that coupling of the HC to the VLPFC may be related to the maintenance aspect of WM in humans (Cohen, 2011; Poch et al, 2011; Rissman et al, 2008 ; but see: Axmacher et al, 2008) . Positive coupling of HC and VLPFC was also detected during spatial WM processing in the RAM task. However, only HC-DLPFC coupling during WM encoding was related to spatial WM capacity.
Finally, it should be noted that HC-PFC theta coherence in rodents has mainly been reported for the test and not the training phase of spatial WM tasks (Jones and Wilson, 2005; Sigurdsson et al, 2010) . These studies used (delayed) spatial alternation tasks in a T-maze consisting of a sample phase in which animals were directed to enter one of two goal arms (no WM component) and a test phase in which animals had to remember the arm visited during the sample phase and enter the opposite arm. Such paradigms thus do not contain a training phase with a strong WM component. Disconnection lesions have shown that HC-PFC structural connectivity is required for performance in the retrieval phase of the delayed win-shift RAM (the paradigm we used in this study). However, to the best of our knowledge, the effect of such lesions has not been tested for the encoding phase of the RAM. Measurements of HC-PFC theta coherence during both the training and test phase of the RAM in rodents as well as the evaluation of HC-PFC BOLD connectivity during maze-based WM tasks with a predominant retrieval component in humans could help to clarify this issue.
Summary and Outlook
In summary, this study used a translational approach to show that the HC positively couples to a frontoparietal control network during spatial WM processing. Coupling strength of this network during training significantly predicted spatial WM capacity in an independent task but showed no association with visual WM performance. This indicates that HC-DLPFC coupling may be a systems-level correlate specific to spatial WM performance that can be found in several species. Impaired information processing during WM has been found to be a core cognitive deficit in schizophrenia (Barch and Ceaser, 2012) and has also been observed during normal aging (Nagel et al, 2009) . Virtual navigation paradigms have already been successfully used in aged subjects and in clinical populations (Konishi et al, 2013; Sneider et al, 2013; Spieker et al, 2012; Yuan et al, 2014) . Although there are currently no established treatments for such deficits, the use of this translational paradigm in affected populations is expected to help identify the neural correlates of WM impairment and may ultimately inform novel treatments (Millan et al, 2012) . It is important to keep in mind that this paradigm may have to be modified for different populations depending on the exact research question being asked. The ceiling effect (with respect to test performance) in this study was introduced to increase the homogeneity of our data set, which was desirable for the imaging analyses. However, the level of task difficulty may have to be adjusted for a specific population if translational research aims to either use performance during retrieval as a measure of treatment effects on the spatial WM system or if this parameter is used to compare spatial WM performance across populations. Similarly, the use of HC-DLPFC coupling during training as a biomarker for treatment effects on spatial WM networks can only be interpreted in conjunction with external behavioral parameters if there is no effect on maze performance.
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